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Abstract
A new process using the selective decomposition of silver oxalate is presented 
and applied to the production of transparent electrodes on a polymer substrate. 
It is indeed shown that the silver oxalate Ag2C2O4 can be reduced to the 
metallic silver state by the focused laser beam of a photolithography machine (λ = 
405 nm, spot size 5 µm, power between 3 and 100 mW). Thin lines of silver of width 
close to 15 µm, for optimized insolation conditions, can thus be directly and easily, 
formed in a layer of oxalate deposited by spin coating on polycarbonate substrate. 
Since the metal and the oxalate are of very different chemical natures, the residual 
oxalate is dissolved by an ammoniacal solution without affecting the metal. The 
silver conductive lines have a very porous vermicular type microstructure which, 
however, ensures electrical conductivity. The resistive effects, which result from this 
not very compact filament organi-zation, can be reduced by simply applying a 
uniaxial mechanical pressure perpendicular to the plane of the substrate. This 
operation irreversibly reduces the porosity by crushing the silver strands. One by 
one-centimeters samples with an electrical resistance of 10 Ω and an optical 
transparency of 95% (after correcting the effects of the substrate) were thus prepared. 
Their factor of merit
expressed by (Transparency550nm)10 /  Rpattern, close to 0.059 Ω−1, is at the  state 
of the art. The selective decomposition of silver oxalates by a laser beam is therefore 
a very interesting way to easily make transparent conductors made of thin metallic 
patterns.
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Introduction
Much work has already been conducted on transition metal oxalates to directly use
them as anode materials for energy storage [1–3], electrocatalyst for oxygen evolution
[4] or burning rate modifier for composite propellants [5, 6]. But they were also be used
as chemical precursors to prepare, by thermal decomposition in air or controlled
atmosphere, many metallic [7, 8] or mixed oxides powders [9]. The oxalates have
generated and generate still attention, because they can be easily prepared by chemical
precipitation with different particles size and shape, by adjusting the precipitation
parameters (concentration of the reactants, temperature, dielectric constant of the
solvents…). Moreover, because they can be decomposed at quite low temperatures
(< 300 °C), the size and shape of the metallic or oxide particles obtained can retain, to a
certain extent, the memory of the initial granulometry and morphology. These decom-
positions are thus often called pseudomorphous and can create original micro or
nanostructures. On the other hand, solid solutions of many oxalates can be obtained,
leading to precursors in which the metallic cations are mixed at a molecular level. The
homogeneous mixture of cations at this very fine scale is favorable to the preparation of
alloys or mixed oxide at moderate temperature. The powders issued from
oxalates decomposition have then been studied and often patented, for a lot
of technological applications such as catalysis [10, 11], sorption of pollutants
[12], support of solid oxide fuel cells [13], energy storage [14–16], magnetic
recording [17–19], inert anode for aluminum electrolysis [20] and low temper-
ature solders [21, 22]. For this last application, silver or copper oxalates are
decomposed below 300 °C to weld metallic parts. Because silver is a noble
metal, the decomposition of its oxalate in air, leads directly to metallic silver.
To obtain pure metallic copper is however better to carry out the decomposition
under inert or reducing atmosphere but, as for silver oxalate, the transformation
of the oxalate into a metal is easy and require few energy [23, 24]. Selective
laser decomposition of oxalate films is then an interesting way to create
metallic patterns on various substrates. Transparent electrodes made by this
process, seem however to be one of the most important potential application.
Bibliographical data indeed show the wide technological field for which
transparent electrodes are needed. Such electrodes, with quite high electrical
conductivity and transparency, are required for optoelectronic devices such as
touch panels [25], liquid-crystal displays [26], solar cells [27] and light emitting
diodes [28]. For the designers of original electronic devices, they can also be
basic elements for electronic systems incorporating transparent energy storage
[29–31], gas sensors [32] or heaters [33] devices.
For some of the previous applications, transparent electrodes must be obtained on
large areas on flexible substrates. Moreover, to ensure the competitiveness, the cost of
the materials and the process required for the manufacturing, have of course, to be as
low as possible. The indium tin oxide films, which are for now the most used
transparent semi-conductors but which are very costly, are increasingly difficult to fill
these specifications. Moreover, the availability of indium in the earth crust is low and
mining of this element at an acceptable price could end in the next ten years. There is
then an intensive quest of new materials and new simple process to prepare conductive
and transparent films on large surfaces [34].
The most promising materials seems to be graphene [35], carbon nanotubes [36],
organic thin films [37], very thin metallic layers [38, 39] and random or organized
metallic networks. Random networks are generally obtained using metallic nanowires,
especially silver nanowires [40]. To improve the electrical contacts between the
nanowires, a heat treatment is generally required. But as a low laser power [40] or a
short flash of light [41] is necessary to ensure particles welding, polymer substrates can
be implemented. After laser annealing, nanowires random networks can have a trans-
parency in the visible range, close to 90% and a resistivity around few ohms per square
[40]. Other mechanical or chemical methods [42] can improve the electrical
properties of the metallic random networks making them serious candidates as
conductive and transparent materials for flexible electronic systems. Silver or
copper nanowires can be deposited by several techniques such as drop casting,
spin coating, spray deposition, Meyer rod coating or inkjet printing which are
described in a synthetic way by Ye et al. [42].
Ink jet printing makes possible the manufacture of periodic patterns or grids capable
of conducting electrical current while minimizing optical absorption [43, 44]. The
minimal size of such patterns is however limited by the printing technique at about
100 µm. Due to this quite big size, eye can detect the optical contrast between the
metallic components and the transparent substrate. For the so-called gravure printing
process [45], a suspension of nanowires is deposited by the doctor blade technique on
an engraved matrix. The nanowires that filled in the trench pattern are then transferred
onto a transparent film wrapped around a roller. But the minimal size of the patterns
seems also limited to few hundred micrometers [45].
Other simple patterning methods such as screen printing [46, 47] of metallic nanoparti-
cles or metallic salts, suffers from the same problem. Different strategies, taking advantage
of lithography-like processes, have then been implemented to create patterns with smaller
sizes. Gridswith submicronicwires can bemade from silver films by direct laser interference
patterning [48]. The periodic spots of light ablate locally the silver, leaving a metallic grid
around. A first step of silver film preparation, by thermal evaporation under vacuum, is
however required and a high power laser source is also necessary. Grids with wires of
several few to tens micrometers have been obtained using capillary, coffee-ring or magnetic
effects on drops of inks of metallic nanoparticles or hybrid silver-magnetite nanowires
[49–51]. For these techniques, a mask by photolithography manufacturing is however
required. Self-assembled polymer microspheres were used as a mask through which were
deposited metallic nanoparticles or thin films. After removing the microspheres, metallic
lattices made of submicronic wires, were obtained [52, 53]. Another way is to deposit a
metallic film on a cracked polymer template [54]. After removing the polymer, the metal
deposited in the bottom of the cracks makes a conductive network with micronic wires. All
of these processes are multi-step methods. Hong et al. [55] proposed the simplest method,
which allows grids made of fine wires of approximately 10 µm. For this maskless method, a
silver nanoparticles ink is spin coated onto a glass or polymer transparent substrate covered
by layer of grip. A Nd:YAG laser (λ = 532 nm) is then focused and scanned on the silver
nanoparticles to convert them into an electrical conductive track. It was demonstrated that a
laser power close to 50 mW is enough to sinter the silver nanoparticles. Their nanometric
size (approx.10 nm) favors their sintering according to Gibbs-Thomson equation for the
particles, which specifies the decrease of the melting point with their size. Zhou et al. [56]
also used a direct writingmethod based on the interaction between a 405 nm laser and an ink
consisting of a mixture of silver nitrate, sodium citrate and polyvinylpyrrolidone (PVP).
Chemical complexing and reduction reactions were involved. A very good adhesion of the
silver pattern on the polycarbonate substrate was observed due to the PVP use and lines of
200 µm wide were revealed.
In this paper, another direct and simple method of preparation of fine metallic grids
is proposed and studied. This method, based on a local laser decomposition of the
metallic precursor, takes benefit of the low decomposition temperature of silver oxalate
into metallic nanoparticles, which have a high propensity to sintering [21] because of
their melting points lowered relative to the bulk state [57–59]. This new process is, by
way of example, applied to the production of transparent electrodes on a polycarbonate
substrate. The characterization of the silver patterns thus obtained, makes it possible to
reveal their specificities and to better understand their mechanisms of formation and
sintering, during the process implemented.
Experimental
Preparation of Powders, Suspensions and Layers of Silver Oxalate
Silver oxalate was obtained by chemical precipitation by reacting silver nitrate (Ag-
NO3) with ammonium oxalate ((NH4)2C2O4,H2O). The silver nitrate was dissolved at a
rate of 2 moles per liter, in a solution containing 50% by volume of water and 50% of
ethylene glycol. It was poured dropwise into a 0.3 M aqueous solution of ammonium
oxalate. The use of a hydro-alcoholic medium and a dropwise addition makes it
possible to precipitate oxalate particles having a quite narrow particle size distribution
and controlled sizes. This methodology of elaboration is inspired by previous works
[18–21]. The precipitate formed was separated from the mother liquors by filtration and
then washed extensively in order to remove the nitrate and ammonium ions.
The silver oxalate was subsequently mixed in isopropylic alcohol at 25% mass of
oxalate per 75% mass isopropylic alcohol. The suspensions were vigorously shaken
and sonicated to avoid aggregates. The oxalate particles, however, tend to sediment
over time so that fast use of the suspension (less than one hour after dispersion of the
particles in the liquid) is preferable, to keep a homogeneous product and to make
reproducible experiments.
Silver oxalate layers were deposited on transparent polycarbonate substrate, using
the spin coating technique. Drops of a total volume of 0.3 cm3 of the previous
suspension were deposited on a SPIN 150 wafer spinner rotating at a typical speed
of 500 rpm. The deposits were dried under vacuum at a room temperature in a
lyophilizer Christ Alpha 2–4 LSC plus. Deposits made generally, had surfaces of
2.5 × 2.5 cm2 and a thickness close to 50 µm after drying. Since silver oxalate is
sensitive to high daylight exposure, precipitates, suspensions and films have then been
stored in opaque containers or cans and thus can be used for several months.
Selective Laser Decomposition of Oxalate Deposit
A Dilase 250 equipment from Kloe has been used to locally expose oxalate deposits to
a focused light beam. Dilase 250 is a photolithographic machine equipped with a solid
laser source emitting a blue radiation of 405 nm wavelength with a maximal power of
300 mW. The diameter of the spot focused on the surface of the sample, was close to 5
µm. The machine is equipped with a motorized XY motion system to describe simple
or complex geometries previously programmed on its design software, with a precision
of the order of 0.1 µm. The sample, maintained by a suction system on the XY
motorized sample holder, was moved with a scanning speed of 6 to 6000 mm/min.
The blue laser was chosen among the solid lasers, which can be integrated into
“conventional” photolithography machines. It was also selected for its ability to present
a good power (a few hundred milliwatts) to allow not only the decomposition of silver
oxalate, but also that of other more stable oxalates, requiring higher temperatures. The
wavelength was chosen in the optical absorption domain of silver oxalate and various
other oxalates, more specifically retaining a wavelength short enough, to limit diffrac-
tion phenomena and have a laser spot small size. The optical system used, has also a
large depth of field, making it possible to easily decompose the oxalate through a
transparent substrate.
For the experiments carried out, the laser beam passed through the transparent
substrate and was focused at the substrate-oxalate interface. This configuration was
preferred to a direct exposure of the oxalate to the light, for several reasons. Upon
arriving through the substrate, the laser encounters a flat oxalate surface with a very low
roughness, which is essentially defined by the characteristics of the substrate. The laser
spot can thus be precisely focused. The opposite surface of the oxalate deposit is less
regular and less smooth and it does not offer such a well-defined focus plan. In
addition, the beam is gradually absorbed as it enters the oxalate. This implies that the
maximum energy is provided, for the chosen configuration, to the substrate-oxalate
interface. This is generally beneficial because a high laser power improves the bond
between the silver formed by the decomposition of the oxalate and its polymer support.
The gradual absorption of the laser beam means also that beyond a given thickness
depending on its power, the oxalate is only very slightly decomposed, or even devoid
of any modification. To keep only the silver patterns formed by laser exposure, the non-
exposed oxalate is dissolved in a final step by a concentrated ammoniacal solution (>
2M) then rinsed with deionized water. This step therefore also has the effect of
eliminating the weakly or not decomposed oxalate particles, situated directly above
the silver patterns, on the side opposite the substrate. The thickness of the correctly
sintered silver patterns, is thus only fixed by the power of the beam, if it is assumed that
the layers of oxalate deposited have a constant densification. This thickness, signifi-
cantly smaller than that of the oxalate initially deposited, has the advantage of being
very homogeneous for all of the silver patterns formed and independent of the spin
coating process, which is not always easy to control.
To improve the compactness of the metallic wires, samples were sometimes pressed
under 3 to 5 MPa uniaxial pressure with a Specac hydraulic press, after laser insolation.
Characterization and Measurements
The behavior of the silver oxalate during heating was analyzed by thermogravimetric
and differential thermal analysis using a Setaram TAG 92. The crystalline structure of
the samples before and after laser decomposition was studied using Bruker AXS D4
Endeavor diffractometer equipped with a 1D LynxEye detector. Kα radiations (λKα1 =
0.15405 nm and λKα2 = 0.15443 nm) emitted by a copper anode, were used as X-ray
source. The Kβ ray was eliminated by a nickel filter. The microstructure of the samples
and the patterns written by the laser, were observed by optical (Optical numerical
microscope VHX-S50 from Keyence) and scanning electron (Jeol JEM 6700F field
emission gun) microscopes. The composition of oxalate and metal deposits was
analyzed by Energy Dispersive Spectrometry (EDS) with a Princeton Gamma Tech
detector on the JSM 6700F microscope. A focused ion beam (SEM/FIB FEI Helios
600i) was used to prepare cross-section for characterization by scanning electron
microscopy of the vertical planes of the laser insolated oxalate layers. The roughness
and thicknesses of the oxalate deposits were measured by optical profilometry (S-Neox
Sensofar). The optical properties of the patterned samples were analysed by a Bentham
PVE 300 photovoltaic characterization system, with integrating operation mode. The
electrical conductivity measurements were carried out on an electrical current-voltage
test bench comprising a 4 probe station Suss PA 200 coupled to a high speed DC
parameters measurements Agilent 4142B and driven by a Metrics IC S software. The
measuring bench allows both 2 and 4 probe measurements.
Results and Discussion
Powders, Suspensions and Layers of Silver Oxalate
As revealed by X-ray diffraction and scanning electron microscopy, polyhedral
Ag2C2O4, silver oxalate particles of average size close to 3 microns, were obtained.
The X-ray diffractogram and the morphology of the particles are given in Fig. 1.
The thermogravimetric analysis under air (Fig. 2) shows a mass loss of about 29% at
250 °C, close to the theoretical value corresponding to the decomposition of the silver
oxalate into metallic silver and carbon dioxide, according to the following chemical
reaction (Eq. 1):
Ag2C2O4 ! 2Agþ 2 CO2 ð1Þ
Fig. 1 X-ray diffraction pattern (peaks were indexed using the JCPDS(Ag2C2O4) 00-022-1335 file) and
scanning electron microscopy image of silver oxalate particles prepared by reacting silver nitrate and
ammonium oxalate
This reaction is highly exothermic as demonstrated by the exothermic peak revealed
by differential thermal analysis (Fig. 2).
The silver oxalate deposits on polycarbonate substrates, prepared by the method
described in the experimental part 2.1, consist of a low compact assembly of particles
whose roughness Ra is 1.5 µm. The density of the deposit on polycarbonate substrate,
is close to 0.5 g/cm3 thanks to the measurement of its thickness (50.10− 4 cm), its
surface (2.5 × 2.5 cm2) and its mass (around 15.10− 3 g). Compared with the real density
of silver oxalate (d(Ag2C2O4) = 5 g/cm3), the relative density of the deposit is therefore
close to 10%. This low compaction ability is also consistent with the apparent relative
density of the silver oxalate powder which is evaluated at 10%.
The total decomposition of the oxalate at the minimal required temperature (250 °C)
cannot be donewhen deposited on layers or substratesmade of polymers, because of the low
Tg or thermal stability of such materials. Decomposition can be done however at 250 °C on
oxalate deposited on glass substrate (2.5 × 2.5 cm2 surface) (Fig. 3a). The use of glass or
polycarbonate substrates does not modify the microstructure of silver oxalate deposits by
spin coating. So, in the case of silver oxalate layer on glass substrate, the decomposition, in a
conventional furnace, essentially results in a decrease in the thickness of the deposit from
50.10− 4 cm to 15.10− 4 cm and mass loss consistent with previous thermogravimetric
analysis. The mass of metallic silver constituting the film after heat treatment thus being
11.4.10− 3 g, it follows that its relative density is of the order of 12% (density of pure and
dense silver = 10.49 g/cm3). The error on this rough evaluation is ± 2%. It is relatively
important, but it gives an idea of the porosity of silver resulting from the decomposition of
oxalate, which seems in quite good agreement with the very porous layer of silver observed
by scanning electron microscopy (Fig. 3b). This type of metallic foam has already been
observed by other authors [60], on metallic silver resulting from the decomposition of small
oxalate particles using a spark plasma sintering device.
Patterned Silver Oxalate Layers
These oxalate deposits, on polycarbonate substrates, were subsequently processed by
the laser spot of the photolithography machine, at a given scanning rate, according to a
one-line pattern. For each laser insolation, the light power measured at the surface of
the deposit has been set to values between 3 and 100 mW. Exposure to the focused
Fig. 2 Thermogravimetric and differential thermal analysis, under air flow, of Ag2C2O4
laser beam causes the local transformation of oxalate into metallic silver for laser
powers from 3 mW upwards (Fig. 4a).
Silver oxalate is like various salts of thismetal, sensitive to light and can therefore be the site
of photochemical decomposition [24]. This is, however, slow and when the oxalate is
brought to a high temperature by the absorption of an optical beam of high
energy density, photo-thermal decomposition largely predominates. In addition,
the reaction is supported by its exothermic character. For this reason, the
reaction can spread uncontrollably well beyond the size of the light spot, in
the case of too high laser powers.
Fig. 3 Scanning electron micrographs of a silver oxalate deposit on a glass substrate (a) and after decompo-
sition into metallic silver at 250 °C in air for 15 min in a conventional furnace (b)
Fig. 4 Two examples of the transformation of oxalate into metallic silver. Optical image of two separated fine
lines of insolated oxalate with a 3 mW power (a), scanning electron micrograph and corresponding EDS
analysis of oxalate deposit exposed through the substrate, to a 20 mW laser power with a pattern of contiguous
lines spaced 10 µm apart on a large area, after dissolution of non-insolated oxalate with an ammonia solution
(b). The sample scanning speed was 120 mm/min for a) and b)
It is important to emphasize that the method implemented has the advantage of
leading to the formation of sintered metallic silver, at the end of the photo-
thermal decomposition, even when it is carried out in air. The metallic state is
in fact for silver, a stable state in the vicinity of normal thermodynamic
conditions. No addition of reducing chemical compounds is necessary, unlike
other processes used for other metals [61].
Scans spaced 10 µm apart, make it possible to obtain contiguous transformed lines
and to produce totally exposed surfaces of sufficient size to perform different analyses
(Fig. 4b). This design used for EDS analysis or X-ray diffraction reveals, after
removing the non-insolated oxalate with an ammonia solution, that the product formed
is metallic silver, as in the case of thermal decomposition in a conventional furnace.
Indeed, the EDS spectrum presented in Fig. 4b does not reveal any X-ray peaks
characteristic of the carbon and oxygen elements present in the oxalate. Only the silver
element peak is observed, attributed to the presence of metallic silver in accordance
with the X-ray diffraction pattern in Fig. 5. A mean crystallite size was then estimated
at 40 nm using the Scherrer equation (Eq. 2) applied to the main X-ray diffraction peak:
D ¼ 0:9λ= FWHMð Þ 2θð Þcosθ ð2Þ
where D is the crystallite size, λ the wavelength of the radiation (nm), FWHM (2θ) the
full width of the diffraction peak and θ the diffraction angle (rad). The crystallite size is
smaller than that obtained by a heat treatment at 250 °C for 15 min in a furnace, which
is close to 75 nm. Due to the short material-laser interaction time, decomposition is
very rapid and the gas evolution, which accompanies it, acts as a pore-forming agent in
accordance with literature [60]. The sintering of silver crystallites is thus hindered.
Given the brevity of the laser exposure, this observation reflects a quiet strong local
heating of oxalate by the laser beam. This is due to the partial absorption of the laser
power by the oxalate (35% at 405 nm), but also to the additional heat resulting from its
very brief and exothermic decomposition. For polycarbonate substrates, short and local
Fig. 5 X-ray diffraction pattern of silver obtained after laser insolation of oxalate deposit with a laser power of
5 mW and a scanning speed of 120 mm/min. The small peaks indicated by arrows correspond to the
diffraction of the polycarbonate substrate
heating avoids the deterioration of the entire substrate. It also has the advantage of
making a local and superficial melting of the substrate, to the right of the zones
converted into metallic silver, and to stick these last on their support. Figure 6 shows
an example of the partial rooting of the metal in the polymer following its partial
melting. Given the difficulties encountered in ensuring good adhesion of the silver
formed on the glass alone and with a view to potential technological applications rather
targeted on flexible electronics, the following experiments were then conducted on
flexible substrates, mainly polycarbonate.
In order to explore and understand more precisely the phenomena involved in the
decomposition of silver oxalate by a laser spot, specific experiments were carried out
on a one-line pattern and a single laser exposure. First experiments consisted in plotting
lines of silver having a thickness from 2 to 10 µm and width from 10 to 100 µm
depending on the insolation conditions. The laser spot used, had a power from
3 to 100 mW. Its relative movement, with respect to the sample, took place at
a speed chosen between 60 and 600 mm / min. This speed range avoid
prohibitive exposure times, when making large samples, and not pushing the
machine near its limits for the highest speeds. The results of the experiments,
are illustrated on Fig. 7, which shows the silver particles observed after laser
exposure and removal of non-decomposed oxalate.
Whatever the previous experimental conditions, the oxalate is partially or totally
decomposed. For a speed of 120 mm/min and mild conditions (laser power from 3 to
20 mW), the decomposition is partial (Fig. 7a). The initial polyhedral shape of oxalate
particles is kept showing a pseudo-morphous decomposition. For the experimental
conditions used, the sintering of the silver grains formed within the oxalate particles is
indeed very low. The same is true for the sintering of silver grains from adjacent oxalate
particles. High porosity is also observed within the particles. This is created by the
departure of carbon dioxide resulting from decomposition (see reaction 1) and the
removal, before observation, of the remaining oxalate. This partial decomposition was
also illustrated by the local laser treatment of deposit made with another oxalate, based
on acicular particles (Fig. 8) but with a similar medium size than the polyhedral oxalate
particles. Porous particles clearly appeared in the well-limited zone where the laser was
focused. For the polyhedral studied oxalates, only the higher powers (26 mW or more)
allow a total decomposition with growth and coalescence of silver grains and the
Fig. 6 Scanning electron micrograph of a cross section (a), (b) and a surface (c) of silver strip partially rooted
in a polycarbonate substrate after laser beam exposure (laser power of 14 mW for a and b, 5 mW for c, a
120 mm/min scan speed for the whole) and after removing the oxalate remaining outside the exposed areas
creation of a vermicular silver pattern (Fig. 7b) similar to that observed with the
conventional heat treatment previously carried out (Fig. 3).
As previously stated, the decomposition of silver oxalate is highly exothermic and
produces a large amount of gas evolution. For these reasons, its decomposition is
explosive when strongly heated very suddenly. The amount of silver oxalate subjected
to decomposition also plays an important role. The higher it is, the more the probability
of explosion increases. High laser powers therefore very likely produce small local
explosions that volatilize the particles or whose heat generated can propagate
decomposition on both sides of the line of displacement of the laser beam. The
same result is observed with high speed of movement. For a given time, a
greater quantity of material than at low speeds, is in fact subjected to decom-
position. This situation facilitates the runaway of the reaction and generally
leads to local explosions. Irregular lines are then formed (Fig. 7c).
After dissolving the oxalate unexposed to the laser spot, more or less continuous
silver wires remain attached to the polycarbonate substrate. For the most favorable laser
insolation conditions (laser power from 3 to 14 mW and scanning speed of 120 mm/
Fig. 7 Scanning electron micrography of the surface of silver lines after laser insolation with a 5 mW (a) and
40 mW (b) power showing respectively partial and total decomposition. Optical micrography (c) is an
example of uncontrolled reaction, which leads to silver deposit outside the insolated line due to a runaway
from thermal decomposition on the one hand and irregularities and undulations on the silver lines on the other
hand. The non-insolated oxalate was removed before the observations. The arrows indicate the areas where the
uncontrolled decomposition of the oxalate has caused deformations on the silver lines
Fig. 8 Scanning electron micrograph of an oxalate deposit exposed to laser spot P = 5 mW, v = 120 mm.min−
1
min), the silver lines consist of connected filaments. For laser power from 3 to 14 mW,
their width and thickness increase from 10 to 30 µm and 2 to 10 µm respectively.
The finest lines obtained, of the order of 10 µm, which did not always ensure good
electrical conductivity, demonstrate the effects of thermal diffusion during laser irradi-
ation. The estimated diameter of the spot is in fact only 5 µm. The use of femtosecond
lasers could potentially improve the fineness of the silver patterns inscribed by our
process. Using a different method, however, Son et al. [62] have indeed obtained metal
patterns of 300 nm, thanks to the use of ultra fast lasers. There is here an interesting and
promising avenue of progress, even if the advantage of our current process lies,
however, in the use of less expensive light sources, which can be integrated into
conventional photolithography machines having, moreover, a great depth of field.
During the decomposition, the removal of the carbonaceous part of the oxalate
molecule and the partial sintering of the formed silver metal, necessarily result in a
decrease in volume. In addition, the removal of particles located at the free surface, that
is to say on the opposite side to the entry of the laser beam into the deposit, is also
added to this decrease in volume during the dissolution of the oxalate (see
2.2.). The laser arrives indeed by the transparent substrate. It is therefore
gradually absorbed when it penetrates and transforms the oxalate layer. Particles
near the free surface thus receive less light energy. They are then incompletely
decomposed or less strongly bound with the core of the wire and can be
removed during the dissolution and washing of the residual oxalate.
The compactness of the silver wires is low as observed on Figs. 6 and 7, even for
high laser power (40 mW). To improve the compaction and sintering of silver particles,
various additional tests have been carried out. However, since microscopic observation
does not always allow the effects of changes in laser exposure conditions to be
appreciated, specific samples have been developed to measure their electrical resis-
tance. Thus a 10 mm x 10 mm lines network with a pitch of 500 µm was defined
(Fig. 9). This type of sample was used to measure the electrical resistance between the
two lateral electrodes. According to the previous characterizations, a laser power of
5 mW is chosen for a one-time insolation. It allows a trade-off between an electrical
conductivity and silver lines fine enough to favor optical transparency.
First of all, successive laser exposure with a power increase for each insolation, to
avoid uncontrolled decomposition, have been tested. An increase of the width of silver
lines is observed due to the use of higher laser power and probably too, because
decomposition tends to spread laterally. The scanning electron microscopy character-
ization shows no significant difference in the surface microstructure (Fig. 10) but the
electrical resistance, measured with a multimeter between the two electrodes, decreases
from 130 Ω for a 5 mW laser insolation (Fig. 10a) to 80 Ω for 5 laser expositions (Fig.
10b). This could be the result of a higher rate of decomposition into metallic silver and
better sintering of the metal particles together.
This electrical resistance is however quite far from that which one might expect in
the case of the same pattern made up of perfectly densified silver lines. Indeed, the
resistivity of dense silver being 16.10− 6 Ω.mm, an electrical resistance close to 0.17
ohms for the whole pattern should in fact be reached, if this pattern is made of 21 lines
(see Fig. 9) having a mean thickness of 3 µm and a width close to 15 µm.
Irradiation of the oxalate from the side opposite to the substrate does not make it
possible to improve the electrical characteristics. The microstructures of the wires are in
fact identical, contrary to the observations made by Yeo et al. [63] for another laser
process. For the latter, depending on whether the laser arrives through the substrate
(bottom focusing) or directly on the precursor to be decomposed (top focusing), an
optically absorbent layer is or is not interposed on the light path. This results in
a very different heating mode in the two cases. For our process, the oxalate
layer itself absorbs the laser beam. Whether the latter arrives directly on the
oxalate or through a transparent substrate, the two configurations are similar to
that described as “top focusing” by Yeo et al. [63] and the decomposition is
carried out in a similar manner. Another way has therefore been tested in an
attempt to improve the electrical performance of the wires.
This way is to apply a pressure on the silver wires after one laser insolation at 5 mW
of the silver oxalate and removing the non-transformed material. This was done very
Fig. 9 Network of silver line after laser exposure and removing the non-irradiated oxalate (Power : 5 mW and
scanning speed of 120 mm/min)
Fig. 10 Top views of scanning electron micrographs of silver wires obtained by successive laser exposures
(5 mW one time (a), 2 insolations at 5 mW and 3 insolations at 8 mW (b), relative spot speed: 120 mm.min− 1)
simply, by applying a mirror polished piston in stainless steel to the pattern, using a
hydraulic laboratory press. An example is given on Fig. 11 for a pressure close to
3 MPa. In this case the electrical resistance decreases strongly, from 130Ω to 10Ω after
pressure application. Simultaneously, the thickness of the silver threads decreases from
a mean value of 3 to 2 µm and their width increase slightly as illustrated by Fig. 11. The
scanning electron microscope also reveals changes of the surface of the silver lines.
They have both a significantly lower porosity and roughness than before pressing.
Using the previously defined conditions (one insolation 5 mW and 120 mm.min− 1,
pressure of 3 MPa), silver lines spaced of 500 microns were inscribed in polycarbonate
substrates on 1 cm2 surfaces. After removal of the residual oxalate by washing and
dissolving, a transparent and electrically conductive flexible material, similar to that
shown in Fig. 9, is obtained. Its optical transparency (silver wires on polycarbonate
substrate) in the visible range is close to 86% or 95% without the polycarbonate
substrate contribution. The average sheet electrical resistance of each silver line
(measured on lines of 16 µm width and about 2 µm height) is Rsquare = 0.33 Ω.
Considering the whole patterned sample of 1 × 1 cm2, Rpatternis therefore 10 Ω. This
value is in agreement with the resistance directly measured between the two electrodes
located at the end of the pattern. By taking into account the definition of Haacke of the
figure of merit [64], that is Figure of merit = (Transparency(550nm))10 / Rpattern, we obtain
the values of 0.022 Ω−1 for the sample as a whole or 0.059 Ω−1 if we correct the effect
of the substrate.
The optical and electrical performances of the 1 cm2 silver grating on a
polycarbonate substrate are comparable to those of ITO as reported by the authors
[42, 65, 66]. However, in their review, Lee et al. [66] present different electrodes of
metallic networks and underline that the comparison of the transparency, of the
electrical resistance as well as of the figure of merit according to Haacke, is difficult
Fig. 11 Scanning electron micrographs of silver wires before (a) and after an applied pressure of 5 MPa (b)
because of the use of different patterns. The silver network obtained from the selective
laser decomposition of oxalate, has in particular very good transparency [65] and it is
produced with silver lines having one of the smallest widths described for transparent
electrodes based on metal grids except those obtained with femtosecond lasers. These
widths are in particular approximately ten times smaller than those obtained by another
direct laser writing process, using complex inks based on silver nitrate, sodium citrate
and polyvinylpyrrolidone [56].
Conclusion
The transition metal oxalates are known to be interesting precursors for many techno-
logical applications. In this work, however, they are implemented in an original
way by a selective laser decomposition process which not only allows an
oxalate to be locally transformed into a metal, but also to draw metal patterns
with a resolution of a few micrometers.
Given its moderate decomposition temperature (< 250 °C), the silver oxalate
Ag2C2O4 can in fact be reduced, under air, to the metallic silver state by the blue
(λ = 405 nm) focused laser beam (spot size 5 µm, power used 3 to 100 mW) of a
photolithography machine. This exothermic reaction requires control of the laser
insolation conditions. Thus, thin lines of silver of width close to 15 µm, for the most
appropriate laser exposure conditions, can be directly and easily, formed in a layer of
oxalate deposited by spin coating on polycarbonate substrate. Since the metal and the
oxalate are of very different chemical natures, it is possible to remove the residual
oxalate by an ammoniacal solution without affecting the metal.
The silver conductive lines have a very porous vermicular type microstructure and a
relative density of only 12% compared to the pure, dense silver is achieved. However,
this microstructure ensures electrical conductivity but the resistive effects, which result
from this not very compact filament organization, can be reduced by simply applying a
mechanical uniaxial pressure of 3 MPa, perpendicular to the plane of the substrate. This
operation irreversibly reduces the porosity, by crushing the strands of silver.
One by one centimeters samples, with an electrical resistance of 10 Ω and an optical
transparency of 95% (after correction of the effects of the substrate) were thus prepared.
Such samples are then transparent electrodes with a factor of merit expressed by (Transpar-
ency)10 / Rpattern, close to 0.059Ω− 1. This factor of merit at the state of the art, demonstrates
the potential of selective laser decomposition to fabricate transparent electrodes.
For the future, different approaches can be considered to better control the thermal
decomposition of silver oxalate and possibly lead to more complete sintering of the
metal particles obtained. Boldyrev’s bibliographic review [24] can at least inspire two.
It recalls in fact that prior UV irradiation can in fact increase the rate of decomposition
of silver oxalate, by means of a catalytic effect. A first pass of the laser spot with a very
low power, on the surface of the particulate film could thus play this role and promote
decomposition and sintering during a second irradiation at higher power. The second
approach would consist in using particles of sizes different from those which have been
used. The literature review shows that thermal decomposition is influenced by the size
and shape of the particles. The third way could also be the use of femtosecond laser to
reduce the size of the patterns, as has been demonstrated by Son et al. [62].
Moreover, given the possibilities offered by digital photolithography machines, the
proposed method can easily be used to draw metallic patterns of various shapes and
sizes. To its simplicity is therefore added a certain versatility. By extension, this very
simple process could also be implemented with other simple or mixed oxalates. For
instance, transparent conductors based on copper or other metal and alloy wires, could
be achieved under inert or hydrogenated atmospheres. In the same way, simple or
complex patterns of oxide type ceramics, could also be printed under ambient air.
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